Airway microbiome dynamics and microbe-tomicrobe interactions are increasingly recognized as critical factors in lung diseases (Cui et al., 2014) . Particularly for chronic lung diseases with frequent bacterial infections, such as cystic fibrosis (CF) and chronic obstructive pulmonary disease, airway microbiome dynamics have been associated with disease progression (Hunter et al., 2012 , Pragman et al., 2012 Huang et al., 2014) . CF predisposes the respiratory tract to polymicrobial infections, and the frequent emergence of Pseudomonas aeruginosa is associated with a reduction in bacterial richness (Lynch and Bruce, 2013; Chmiel et al., 2014) . Phenotype and virulence of P. aeruginosa are affected by interactions with the host and cohabiting microbes (Sibley et al., 2008a; Hunter et al., 2012; Venkataraman et al., 2014; Whiteson et al., 2014 ). An improved characterization of the human lung microbiome will be instrumental to delineate these interactions (Dickson and Huffnagle, 2015; Venkataraman et al., 2015) .
It has been previously demonstrated in vitro that the fermentation product 2,3-butanediol, which can be produced by fermenting bacteria, mediates cross-feeding to P. aeruginosa and increases biofilm formation and other critical factors of P. aeruginosa virulence (Venkataraman et al., 2014) . The relevance of this finding was further emphasized by the identification of 2,3-butanedione, which is a volatile compound produced in the same acetoin fermentation pathway as 2,3-butanediol, in the breaths of individuals with CF (Whiteson et al., 2014) . 2,3-Butanedione is primarily produced by Streptococcus spp. and other fermenters that can potentially cross-feed and enhance P. aeruginosa pathogenicity. Here, we evaluate whether 2,3-butanediol increases P. aeruginosa virulence within the respiratory tract in vivo and assess its effect on the airway microbiota in an agar bead P. aeruginosa murine model (Kukavica-Ibrulj and Levesque, 2008) . Although the agar bead model of P. aeruginosa infection is often used to mimic more chronic infections, as a preliminary study, we investigated the initial acute stage of infection.
P. aeruginosa strain PA14 was cultured and encapsulated in agar beads in AB minimal media containing 30 mM of 2,3-butanediol or glucose and then administered to C57Bl/6 mice via the intratracheal route. Controls included empty media agar beads prepared under both conditions. Mice infected with PA14 lost body weight, irrespective of P. aeruginosa was grown with 2,3-butanediol or glucose (Figure 1a ). Lung weight was increased in both groups that received PA14, indicating considerable inflammation, and was higher with 2,3-butanediol-grown P. aeruginosa compared with glucose-grown P. aeruginosa (Figure 1b) . Clearance of P. aeruginosa was delayed in mice infected with PA14 grown in 2,3-butanediol compared with PA14 grown in glucose, as indicated by P. aeruginosa quantification after 3 days (Figure 1c) . The cellular composition of bronchioalveolar lavage fluid (BAL) showed an increase in neutrophils in mice infected with PA14 grown in 2,3-butanediol and PA14 grown in glucose compared with mice that received beads with only 2,3-butanediol or glucose (Figure 1d ). Lung histology showed similar levels of local inflammation in mice infected with PA14 grown in 2,3-butanediol ( Figure 1e ) and PA14 grown in glucose (Figure 1f ). There was, however, an increase in inflammatory cytokines expression in mice infected with PA14 grown in 2,3-butanediol at 3 days of infection (Figures 1g-i) . These cytokines are involved in the P. aeruginosa lung pathogenesis (Meduri et al., 1999) and lung levels usually peak within the first 24 h following infection with planktonic P. aeruginosa (van Heeckeren et al., 2006) , while a sustained response that lasts for a few days is present using the agar beads model (van Heeckeren and Schluchter, 2002) . Glucose, which was used in our controls, has been shown to inhibit the type III secretion system in P. aeruginosa, particularly the secretion of exoS (Rietsch and Mekalanos, 2006) . However, strain PA14 does not encode for exoS (Miyata et al., 2003) and it is, therefore, unlikely that this mechanism is present here. Furthermore, inhibition of type III secretion system does not affect the replication and survival of P. aeruginosa in the lungs of mice (Vance et al., 2005) . This strongly suggests that increased virulence of P. aeruginosa cultured with 2,3-butanediol, which was previously seen in vitro (Venkataraman et al., 2014) , translates to increased virulence in the respiratory tract in vivo. Compared with conditions in the CF lung, where it is expected that 2,3-butanediol is continuously supplied by co-localized fermenting bacteria, our bead model is limited by the likely decreasing concentrations of 2,3-butanediol by diffusion out of the beads and consumption by P. aeruginosa. This could be reflected by the small but significant differences in the acute inflammatory cytokine levels after three days (Figures 1g-i) despite larger differences in the bacterial loads ( Figure 1c ) between the 2,3-butanediol-exposed lungs and their controls.
After comparing the basal microbiome from lungs (Supplementary Figure S1A) and BAL (Supplementary Figure S1B) , Proteobacteria, Firmicutes, Cyanobacteria, Bacteroidetes and Actinobacteria were detected as the most prominent phyla, with similar contributions in lung tissue and BAL for most phyla. Proteobacteria was more abundant in lung tissue samples (37-79%; P = 0.022), while Firmicutes was more abundant in BAL samples (30-39%; P = 0.001). In general, the relative distribution of phyla within each sample was found to be similar to the human respiratory microbiomes from oropharyngeal or BAL samples (Hilty et al., 2010; Erb-Downward et al., 2011; Sze et al, 2012) . For the rest of the study, we selected lung tissue to include all community members within the respiratory tract.
To characterize the murine lung bacterial community, we amplified and sequenced the V4 region of the 16S rRNA genes from murine lungs, and observed a total of 3174 unique operational taxonomic units from 9 24 182 quality sequences (see detailed descriptions of the methods in the Supplementary Materials). Taxonomic distributions at the phyla level were summarized for each murine lung tissue sample (Figure 2a) . The phylum Firmicutes was more abundant (P = 0.001) in mice that received PA14 in 2,3-butanediol, whereas the relative abundance of Proteobacteria was lower (P = 0.015). Correlation analysis of sequence and operational taxonomic unit counts per lung tissue showed adequate representation of microbiota Figure S1C) . Principal Coordinates Analysis was used to visualize dissimilarities between lung microbiomes. Calculation of weighted UniFrac distances based on taxonomic abundances in each sample showed clustering of lung microbiomes except those treated with PA14 in 2,3-butanediol (Figure 2b ), suggesting that lung microbiomes become dissimilar when treated with PA14 in 2,3-butanediol. Analysis with unweighted UniFrac distances showed a similar clustering with less distinction (Supplementary Figure S2) . Qualitative visualization of the five most abundant taxa that are driving the dissimilarity between samples indicated that Turicibacter spp. contributed to the dissimilarity found in two of four mice lungs treated with PA14 in 2,3-butanediol ( Figure 2b, Supplementary figure S2 ). Supervised machine-learning analysis was performed to quantitatively identify taxa that explain the dissimilarities found in lungs treated with PA14 in 2,3-butanediol ( Figure 2c ). Caution is needed for such a machinelearning analysis because it is used to generate hypotheses on small data sets that are then validated on larger data sets. Here, we built hypothesis based on a small data set. Lung bacterial communities were classified as Group A (2,3-butanediol with PA14) or Group B (glucose medium with PA14, 2,3-butanediol medium, and glucose medium) and tested with the nearest shrunken centroid method (Tibshirani et al., 2002) . This method had already been utilized for supervised learning with microbiota (Knights et al., 2011; Werner et al., 2012) and calculates a machinelearning (prediction) score for each taxon, with a more negative or more positive score indicating better predictability for the taxon. All 593 taxa were ranked for predicting treatment type. The overall machine-learning error rate was 0.19, which indicates that this trained algorithm has an 81% accuracy to classify a murine lung microbiome to its correct treatment type. Although murine lungs that received PA14 in 2,3-butanediol were not significantly more or less diverse than other lungs in our small data set (Supplementary Figures  S1D and E) , several taxa were found to be closely associated in these lungs, including unclassified genera from the families Peptostreptococcaceae and Pseudomonadaceae, and the gastrointestinal tractand feces-associated Turicibacter spp., Clostridium spp. and Parabacteroides spp. (Figures 2c and d) .
We observed significant increases in the relative taxonomic abundances for the three most predictive taxa from the machine-learning analysis for Group A when compared to Group B (Peptostreptococcaceae P = 0.001; Turicibacter spp. P = 0.011; Clostridium spp. P = 0.019; Supplementary Figure S3A) . A possible source of Turicibacter spp. is via coprophagy within the cage, and the same is true for Peptostreptococcaceae and Clostridium spp., which are also found in the lower gastrointestinal tract. From these results, we hypothesize that fermentation product 2,3-butanediol from the lung microbiota not only have a role in P. aeruginosa virulence and abundance, but also on the increased colonization of the respiratory tract with environmental microbes. In addition, inflammation in the lung may also result in an advantageous environment for Turicibacter spp. (Rausch et al., 2015) .
To further explore the role of Pseudomonas spp. in infection, we compared their relative abundance in the lungs with sample origin and with change in body weight (Supplementary Figure S3D) . The colonization of the lungs by environmental microbes (for example, Turicibacter spp.), resulted in a decreased relative abundance of Pseudomonas spp. In other words, a relative increase in environmental operational taxonomic units for sample 2,3-Bd-3 (Supplementary Figure S3A) caused a relative decrease in Pseudomonas spp., but this does not inform the absolute numbers of P. aeruginosa (Supplementary Figure S3B) . In fact, the corresponding absolute abundance of P. aeruginosa was still higher in murine lungs treated with PA14 in 2,3-butanediol even with the increased colonization of environmental microbes (Supplementary Figure S3C) . Our results are also consistent with the recent studies that have shown the impact of gut microbiome on acquisition of the lung microbiome in CF (Madan, 2016) .
Understanding the microbe-to-microbe interactions that stimulate P. aeruginosa virulence and aid in creating a niche for P. aeruginosa to persist in the respiratory tract could help to develop novel anti-P. aeruginosa strategies by impairing the capa- Figure 2 Microbiome of the murine lung. (a) Taxonomic summary of lung microbiota. 16S rRNA gene sequences of lung bacterial community of 15 mice 3 days after infection with varying agar beads treatments, indicated by colored bars above the sample ID: PA14 with 2,3-butanediol (2,3-Bd+PA14, green); PA14 with glucose (Gluc+PA14, purple); 2,3-butanediol medium only (2,3-Bd, red); and glucose medium only (Gluc, blue). Each column represents a sample from one mouse. Bacteria are presented at the phyla level. (b) Principal Coordinates Analysis biplot of murine lung microbiomes. Beta diversity Principal Coordinates Analysis of a weighted UniFrac distance matrix from taxonomic composition within these samples. Only the first two axes are shown. Each circle represents one mouse, which is colored by agar beads treatment: PA14 with 2,3-butanediol (green; n = 4); PA14 with glucose (purple; n = 3); 2,3-butanediol medium only (red; n = 4); and glucose medium only (blue; n = 4). Gray circles represent taxa coordinates that are calculated based on mean relative abundance (size of circle) for each taxon in all 15 lung samples (1-Pseudomonas spp.; 2-Acinetobacter spp.; 3-Escherichia spp.; 4-Turicibacter spp.; 5-Staphylococcus spp.). The percentage of distribution described by each axis is as indicated. (c) Machine-learning analysis of murine lung microbiomes. Machine-learning analysis of lung samples binned into two groups based on agar treatment: Group A (2,3-butanediol with PA14; green; n = 4) and Group B (glucose medium with PA14, 2,3-butanediol medium, and glucose medium; brown; n = 11). Shown are the 15 highest correlated taxa (of the 593 taxa used to train the algorithm); the overall machine-learning error rate was 0.19 via nearest shrunken centroid method. (d). The average relative abundances of the 15 most predictive taxa from machinelearning analysis, and colored as in c.
city of the lung microbiota to produce fermentation products that we have shown to induce virulence in P. aeruginosa. This has been suggested previously by clinical observations that elimination of Streptococcus milleri, which is a member of the CF lung microbiota associated with severe exacerbations, led to decreased P. aeruginosa virulence (Sibley et al., 2008b) . Despite the relatively low microbial densities present in healthy lungs (Dickson and Huffnagle, 2015) , alteration of the pulmonary microenvironment to favor a microbial community that is easier to clear may be a promising approach against pulmonary pathogens, which warrant further investigations. A future study with a larger data set to test the hypothesis that was proposed here could help to better understand the role of microbe-to-microbe interactions in disease pathogenesis. Further studies should also include CFTR mutants, ENaC overexpressing mice, later time points, and addition of antibiotics.
